Background Giant cell tumors (GCTs) are treated with resection curettage and adjuvants followed by stabilization. Complications include recurrence, fracture, and joint degeneration. Studies have shown treatment with polymethylmethacrylate (PMMA) may increase the risk of joint degeneration and fracture. Other studies have suggested that subchondral bone grafting may reduce these risks. Questions/purposes Following standard intralesional resection-curettage and adjuvant treatment, is the use of bone graft, with or without supplemental PMMA, (1) associated with fewer nononcologic complications; (2) associated with differences in tumor recurrence between patients treated with versus those treated without bone grafting for GCT; and (3) associated with differences in Musculoskeletal Tumor Society (MSTS) scores? Methods Between 1996 and 2014, 49 patients presented with GCT in the epiphysis of a long bone. Six patients were excluded, four who were lost to followup before 12 months and two because they presented with displaced, comminuted, intraarticular pathologic fractures with a nonreconstructable joint surface. The remaining 43 patients were included in our study at a mean followup of 59 months (range, 12-234 months). After resection-curettage, 21 patients were reconstructed using femoral head allograft with or without PMMA (JB) and 22 patients were reconstructed using PMMA alone (FRP, KSB); each surgeon used the same approach (that is, bone graft or no bone graft) throughout the period of study. The primary study comparison was between patients treated with bone graft (with or without PMMA) and those treated without bone graft. Results Nononcologic complications occurred less frequently in patients treated with bone graft than those treated without (10% [two of 21] versus 55% [12 of 22]; odds ratio, 0.088; 95% confidence interval [CI], 0.02-0.47; p = 0.002). Patients with bone graft had increased nononcologic complication-free survival (hazard ratio, 4.59; 95% CI, 1.39-15.12; p = 0.012). With the numbers available, there was no difference in tumor recurrence between patients treated with bone graft versus without (29% [six of 21] versus 32% [seven of 22]; odds ratio, 0.70; 95% CI, 0.1936-2.531; p = 0.586) or in recurrence-free survival among patients with bone graft versus without (hazard ratio, 0.94; 95% CI, 0.30-2.98; p = 0.920). With the numbers available, there was no difference in mean MSTS scores between patients treated with bone graft versus without (92% ± 2% versus 93% ± 1.4%; mean difference 1.0%; 95% CI, À3.9% to 6.0%; p = 0.675). Conclusions Compared with PMMA alone, the use of periarticular bone graft constructs reduces postoperative complications apparently without increasing the likelihood of tumor recurrence.
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Introduction
Giant cell tumors (GCTs) are most commonly treated with curettage [2] . Curettage alone with an intralesional margin has a recurrence rate of 40% to 60% [2, 14, 19, 29, 31] . Treatment with adjuvants such as high-speed burring, polymethylmethacrylate (PMMA), hydrogen peroxide lavage, phenol cauterization, argon beam, and liquid nitrogen may be used to extend the margin and reduce recurrence rates to as low as 2% to 18% [1, 14, 20, 26, 29] . Reconstruction is often performed using PMMA with or without bone grafts and osteosynthesis (Fig. 1) . This helps to preserve joint integrity and maximize function without resorting to endoprosthetic replacements. Postoperative fracture and cartilage loss result in degenerative changes and arthritis [2, 7, 17, 23, 27, 29] . The method of skeletal reconstruction may play a role in the future biologic integrity of the joint and result in subsequent fracture and degenerative changes.
Studies have shown that patients benefit from filling the resultant cavity with PMMA, which allows immediate stability and early return to weightbearing postoperatively [1, 3, 14] . Polymerization of the cement is an exothermic reaction, which results in thermal necrosis, extending the mechanical limit of curettage [2, 20] . When the cement polymerizes directly adjacent to a chondral surface, the exothermal reaction may cause thermal necrosis to the articular chondrocytes and increase the time needed for healing in local tissues [16, 19, 21, 23, 28, 30] . Furthermore, the modulus of PMMA is greater than subchondral bone and cartilage [8, 12, 13, 15, 28] . PMMA directly adjacent to articular cartilage may make the patient more susceptible to postoperative articular fractures and early degenerative osteoarthritis [2, 8, 20, 24] . Bone grafting the subchondral plate with or without supplemental PMMA may therefore be more beneficial than PMMA alone.
We asked whether following standard intralesional resection-curettage and adjuvant treatment, the use of bone graft, with or without supplemental PMMA, would (1) reduce the frequency of nononcologic complications associated with the reconstruction; (2) be associated with differences in tumor recurrence between patients treated with versus those treated without bone grafting for GCT; and (3) be associated with differences in Musculoskeletal Tumor Society (MSTS) scores.
Patients and Methods
This study was approved by the institutional review board at the author's institution and was performed in accordance with the ethical standards of the 1964 Declaration of Helsinki as revised in 2000. Between 1996 and 2014, 49 patients presented with Campanacci Grade 3 [4, 5] GCT in the epiphysis of a long bone. Of these 49 patients, six were excluded as a result of the following: four patients were lost to followup before 12 months and two patients had displaced, comminuted, intraarticular pathologic fractures with a nonreconstructable joint surface. The remaining 43 patients were included in our study at a mean followup of 59 months (range, 12-234 months). After resection-curettage, patients were either reconstructed using supplemental trabecular bone allograft with or without PMMA (JB), or PMMA alone (FRP, KSB). Each surgeon used the same approach (that is, bone graft or no bone graft) throughout the period of study. Nine of the 19 patients who had surgeries performed over 10 years ago were seen within the last 5 years. Of the remaining 10 patients, six were in the PMMA alone group with a mean followup of 27 months (range, 16-39 months) and four were in the bone graft group with a mean followup of 44 months (range, 20-99 months). The primary study comparison was between patients treated with bone graft (with or without PMMA) and those treated without bone graft.
Similarity of Study Groups
To evaluate the likelihood that factors other than the presence of bone graft might have played a role in reducing nononcologic complications or not, tumor volume, percent articular surface involvement, and method of fixation were analyzed. All patients in both groups had Campanacci Grade 3 tumors. In comparison between patients without bone graft versus patients with bone graft, there were no differences in mean tumor volume (60 ± 8 cm 3 versus 74 ± 11 cm 3 ; p = 0.266), percent articular surface involvement (36% ± 4% versus 43% ± 4%; p = 0.203), or method of fixation. In the group without bone graft, method of fixation included threaded Steinmann pins (seven), locking plates (eight), and cortical screws (one). Eight patients had no fixation. In the group with bone graft, method of fixation included threaded Steinmann pins (seven), locking plates (nine), and cortical screws (three). Three patients had no fixation. Comparison of these groups with chi square analysis revealed no difference among the groups (p = 0.355).
Surgical Technique and Aftercare
After appropriate staging, including radiographs, CT scan, and MRI, biopsy confirmed the lesions. Resection curettage was performed by one of three fellowship-trained orthopaedic oncologists (JB, KSB, FRP) using the same operative techniques. An appropriate-sized cortical window was created to visualize the entire extent of the tumor. The gross tumor was removed by visual inspection and biplanar fluoroscopy. Operative technique was the same among all surgeons. The decision to include bone graft (JB) or not (FRP, KSB) was based on surgeon preference. The cavity was then enlarged with a high-speed burr. Additional adjuvant treatment was administered in the form of argon photocoagulation, hydrogen peroxide solution, and/ or saturated phenol solution based on the standard practice of the operative surgeon. Prophylactic fixation devices were used if deemed necessary by the primary surgeon. Devices used for fixation were similarly distributed between the two groups, which included Steinmann pins, bone plates, and cortical screws. Femoral head allograft was used in all patients in the bone graft group. The defect was measured and allograft was cut 10 to 15 mm in thickness, sized, and shaped. Next, the allograft was placed under the subchondral plate with provisional Kirschner wire fixation followed by permanent fixation and complete backfilling with PMMA under fluoroscopic guidance. Patients with bone grafting were restricted in weightbearing with toe-touch postoperatively until bony union was noted at a mean of 3 months and then partial weightbearing to full weightbearing as tolerated. Patients with PMMA alone were initially partial weightbearing for 4 to 6 weeks and then weightbearing as tolerated.
PMMA Alone
Twenty-four reconstructions were performed in 22 patients using PMMA alone. There were eight males and 14 females at a mean of 34 years of age (range, 17-75 years). The mean followup was 56 months (range, 12-135 months). The lesion was located in the distal femur in 11 patients; the proximal tibia in four; the distal tibia in four; and the distal radius, distal humerus, and the acetabulum in one each. All patients received intraoperative adjuvant treatment, which included high-speed burring followed by argon laser with hydrogen peroxide lavage.
Bone Graft With or Without PMMA Twenty-one reconstructions were performed in 21 patients using bone graft with or without PMMA as a supplement. There were 11 males and 10 females at a mean of 34 years of age (range, 14-66 years). The mean followup was 63 months (range, 12-234 months). The lesion was located in the distal femur in eight patients, the proximal tibia in 10, and the distal tibia in three. All patients received intraoperative adjuvant treatment with high-speed burring followed by argon laser with hydrogen peroxide lavage in 20 and by phenol in one patient.
Study Outcomes
All endpoints were assessed by chart review performed by the operating surgeons (JB, FRP, KSB), including evidence of postoperative healing, infection, reoperation, fracture, osteoarthritis, and tumor recurrence (Fig. 2) . Functional evaluation was performed using the MSTS scoring system when rehabilitation was complete [9] .
Articular fractures and osteoarthritis, considered to be nononcologic complications, were clinically symptomatic and confirmed radiographically. Although plain radiographs were the primary method of identification, CT scans and MRIs were used as confirmatory studies in patients when subchondral fracture or recurrence was suspected. Tumor recurrences, when suspected, were biopsied and subsequently treated with repeat resection-curettage and adjuvants when possible.
Statistical Analysis
Postoperative complications from each group were compared using a chi square test. Functional evaluations (MSTS scores) were compared between the two groups using a Welch's t-test. Nononcologic complication-free and recurrence-free survival was calculated by the KaplanMeier method and evaluated by the log-rank test and are reported as a hazard ratio and 95% confidence interval. A p value of B 0.05 was deemed statistically significant for all statistical analyses. Statistical analyses were conducted using GraphPad Prism Version 6.0 for Mac (GraphPad Software, La Jolla, CA, USA). (Fig. 3) . Of two nononcologic complications in the bone graft group, one was a periarticular fracture and one was a progression to osteoarthritis (Table 1) . Of 12 nononcologic complications in the group without bone graft, five were periarticular fractures and seven were progressions to osteoarthritis ( Table 2 ). With (Fig. 4) . In both groups, one patient had a second recurrence. In patients with tumor recurrence compared with those without, with the numbers available, there was no difference in mean tumor volume (67 ± 11 cm 3 versus 70 ± 9 cm 3 ; p = 0.816) or percent articular surface involvement (46% ± 5% versus 40% ± 3%; p = 0.388).
Results

Nononcologic
With the numbers available, there was no difference in mean MSTS scores between the group treated with bone graft and the group treated without it (92% ± 2% versus 93% ± 1%; mean difference 1.0%; 95% CI, À4% to 6%; p = 0.675).
Discussion
After curettage, treatment with adjuvants including highspeed burring, PMMA, hydrogen peroxide lavage, phenol cauterization, argon beam, and liquid nitrogen reduces recurrence rates to as low as 2% to 18% [1, 14, 20, 26, 29] . PMMA directly adjacent to articular cartilage may contribute to an increased risk of postoperative articular fractures and early degenerative osteoarthritis [2, 8, 20, 24] . This study directly compares reconstruction using bone graft with or without PMMA versus PMMA alone at the same institution. Our results demonstrate that subchondral bone grafting decreases nononcologic complications in patients treated for GCT. This study should be interpreted in light of its limitations. Like in many orthopaedic oncology studies, the number of patients is limited, the study was retrospective, and patients were not randomized to the treatment groups. Although patients were not randomized, no differences were found between the groups among mean tumor volume, mean percent articular surface involvement, or method of fixation. Surgeon preference dictated use of bone graft (JB) or not (FRP, KSB); however, each of those three surgeons treated all patients in the same way (that is JB used bone graft in all patients and FRP and KSB did not use bone graft) throughout this study period, and in other respects, the surgical technique was similar among three fellowship-trained orthopaedic oncologists. Additionally, 10 patients who had their procedures performed greater than 10 years ago have not been seen within the last 5 years. Of these patients, six were in the group without graft (27%, the number of patients not seen of all patients in their respective group [PMMA alone or graft]) with a mean followup of 27 months (range, 16-39 months) and four (19%) were in the bone graft group with a mean followup of 44 months (range, 20-99 months).
We found fewer nononcologic complications, including fractures and arthritis, in the group treated with bone graft. It has been suggested that thermal damage from PMMA can contribute to postoperative degenerative changes [8, 16, 22, 23, 25, 30] . When used in conjunction with PMMA, bone graft increases the distance between the exothermic reaction of PMMA and the articular cartilage, which may protect against thermal injury [3, 13, 21, 23] . Wilkins et al. suggested irrigation of the periarticular area with chilled saline as the cement cures as a method of prevention from heat necrosis [33] . The mechanical properties of PMMA, compared with bone graft, may also influence the rates of articular fracture and osteoarthritis. PMMA has a modulus that is between cortical bone and cancellous bone and well above articular cartilage. PMMA acts as a rigid surface, concentrating pressure on the already thin cartilage and subchondral plate tissue [13, 15, 24] . This may result in cartilage damage, fracture, and arthrosis [13, 15, 28] . Bone graft has the ability to incorporate into host bone and more adequately restore the subchondral and cancellous positions of the joint surface [7, 8, 32] .
Although PMMA thermal necrosis has been shown to reduce local recurrence, other adjuvants have also been successful [14, 18, 24] . In the current study we found no difference in the proportion of patients experiencing recurrence between the two study groups. This may be attributed to adjuvant therapies performed along with curettage in both groups, including high-speed burring, argon photocoagulation, phenol, and peroxide lavage.
With the numbers available, we found no differences between patients treated with and those treated without bone graft in terms of a validated outcomes score (the MSTS score). Others have found similar results. Szalay et al. [25] compared results of patients treated with bone graft versus cement and found comparable mean MSTS scores of 91% and 90%, respectively. In patients treated with PMMA with or without bone graft, van der Heijden et al. [28] found mean MSTS scores of 70% and 80% in patients with or without postoperative arthritis, respectively. Fraquet et al. [11] found mean MSTS scores of 93% in patients treated with curettage and cementation. Errani et al. [10] found mean MSTS scores of 92% and 94% for patients treated with two adjuvants versus three adjuvants, respectively. Chen et al. [6] found mean MSTS scores of 88% in patients who underwent intralesional curettage.
The results of this study indicate that the use of bone graft, with or without PMMA, shows promise in limiting early postoperative complications. With the numbers available, we found no difference between patients treated with and those treated without bone graft with respect to local recurrence or MSTS scores. In this small series, we found no additional harm to the patients treated with grafting, and we saw some evidence that this approach may help prevent early postoperative complications. In light of these results, we recommend the use of bone graft, with or without PMMA, over the use of PMMA alone for repair of subchondral bone defects after tumor resection. Future studies might include a multiinstitutional, prospective, randomized study to further investigate the role of bone graft in reducing nononcologic complications in patients with GCT, the role of denosumab in downstaging tumor volume, and the use of ceramic biomaterials with similarities in modulus to subchondral bone.
